Abstract-Transition-edge sensors (TES) are widely used as sensing elements in X-ray microcalorimeters. Further improvement of their energy resolution hinges on a thorough understanding of the transition surface (as a function of temperature, current, and magnetic field) to achieve high sensitivity (α) and low noise (small β), as well as the capability to repeatably fabricate the proximity superconducting/normal metal bilayers with a predictable transition surface. One aspect that is poorly understood is the impact of film stress on the transition. Data from Mo films deposited using e-beam evaporation onto heated substrates, as well as sputtered films, show a strong correlation between film stress and superconducting transition temperature (≈−0.2 K/GPa, corresponding to shift of about −0.1 K for a 0.1% change in biaxial strain). However, this correlation is of opposite sign and much larger than one would expect from the pressure dependence of bulk Mo. Furthermore, modifications in fabrication details of the devices, such as membrane perforations and absorber attachment, have been observed to result in large qualitative differences in the transition surface for otherwise identical TES geometry. It seems reasonable to ask whether associated changes in film stress distribution can cause these differences. To shed some light on this issue, we have subjected a bare Mo film as well as Mo/Cu bilayers to in situ tunable uniaxial stress produced by a piezo-electric stack. Our results indicate that the direct strain induced changes to the transition temperature are rather small (about +0.3 mK for a 0.1% strain change on a Mo film) and consistent in sign and order of magnitude with that derived from the bulk.
I. INTRODUCTION
T RANSITION edge sensors for microcalorimeters are commonly realized using bilayers of superconducting and normal metals, where the proximity effect coupling between normal metal and superconductor permits tuning the superconducting transition to the desired operating temperature by changing the thickness of the layers. The energy resolution of the resulting device at a given operating point is related to the dimensionless sensitivity α ≡ R . Weak-link effects induced by the higher transition temperature of the leads further result in a magnetic field dependence, so that it becomes necessary to describe the transition surface as function of three parameters: R(T, I, B). To date, no comprehensive model has been demonstrated to quantitatively describe this complex surface. Further, it is not well established how the shape of the transition surface is related to the preparation of the bilayer and its structural properties. Common wisdom dictates that sharp transitions result from layers of "high quality", usually understood to imply low resistivity, good uniformity and homogeneity, low film stress, some degree of crystallinity, and, for the superconductor, a T c close to that of the bulk (see for example references [1] , [2] ). The cleanliness of the superconducting/normal metal interface certainly has a strong influence on the efficacy of the proximity coupling. Several pieces of evidence suggest that film stress has an important influence on the transition: Chervenak et al. [3] have shown that the transition temperature is correlated with film stress σ for both e-beam evaporated and sputtered Mo films. The typically in-plane tensile stress of e-beam evaporation results in a reduction in T c with a slope of dT c dσ ≈ −0.2 K/GPa, while the compressive stress obtained for sputtered films results in a somewhat weaker enhancement of the transition temperature (slope about −0.1 K/GPa). A similar trend has been reported by Fabrega et al. [4] . This strong dependence is surprising on account of both magnitude and sign [5] : one would predict a much smaller effect of opposite sign from the pressure dependence of bulk Mo ( dT c dp ≈ −14 mK/GPa [6] ) (a biaxial tensile strain should result in an expansion of the unit cell volume and hence lead to an enhancement of T c , rather than a reduction). When bilayer devices are placed on a perforated membrane (as is often done to reduce thermal conductivity to the bath), T c shifts are commonly observed, e.g. a reduction from 109 to 107 mK [5] . Lastly, in test pixels for membrane-supported TESs for Micro-X [7] we have observed large qualitative variations in the transition surface between devices with identical TES geometry, but different absorber attachment and membrane perforations. This suggests that membrane-induced strain or strain non-uniformity may have important effects on the device.
II. EXPERIMENT
Similar to the experiment described in [8] , a 5 mm × 5 mm × 9 mm long piezo stack was used to apply strain to a set of samples mounted on top of the piezo. To provide heatsinking of the samples, a thin (0.002 to 0.004 ) Cu foil was 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. attached to the piezo with Stycast 1266 epoxy and clamped at both ends to the Cu frame of the sample holder. From Mo and Mo/Cu films deposited onto double-side polished 320 μm Si (100) wafers narrow strips (0.5 mm wide, 9 mm long) were cut with a dicing saw and attached on top of the copper strip with silver epoxy. Details on the sample deposition using ionbeam assisted e-beam evaporation can be found in references [9] , [10] . Some pertinent sample characteristics are summarized in Table I . To monitor the strains develop by the piezo, a strain gauge (SGD-3/350-LY41, Omega Corp.) was epoxied directly to the underside of the piezo stack with Stycast 1266 and read-out in a bridge configuration with the reference arms of the bridge consisting of identical strain gauges attached to the Cu of the sample holder. Contacts were made using aluminum wirebonds (0.001 wire diameter) for 4-wire measurements; the spacing between the voltage probes was about 3 to 4 mm. A photograph of the completed assembly is shown in Fig. 1 . Resistance vs. temperature curves were recorded under constant temperature ramp rate with AC current bias and a combination of low-noise preamplifier (AD8429) and lock-in amplifier to detect the inphase voltage. Critical current measurements were made by ramping a current source from about 75% of I c until a voltage exceeding 1 2 R n I was detected at the output. The sample holder was completely enclosed in a light tight shield of Cu foil and installed on the 50 mK stage of an ADR. The entire assembly was located near the center of a 2 diameter Helmholtz coil pair to cancel out the perpendicular component of earth's magnetic field. At room temperature, application of +150 V to the piezo caused strains of up to +0.5%. The piezo electric coefficient is a strong function of temperature and drops so that the maximum strain-change achieved at cryogenic temperatures was about ±0.04% for ±160 V applied to the piezo. As has been reported by other groups, we find the piezo shows much improved linearity and reduced hysteresis when operated at 3 K, with no sign of depolarization occurring under reverse bias. Typical currents measured at the room temperature feedthroughs were about 0.1 nA at 160 V bias, but might well be dominated by leakage currents between the twisted pair wiring rather than reflect the true current through the piezo.
III. RESULTS
Measurement of the resistivity changes of the thin films allowed us to verify that the strain produced by the piezo was transferred to the sample. For metals, one expects a gauge factor GF ≡ Δ Δ R/R of about 2 [11] . Figure 2 shows a typical measurement of relative resistance change of the sample and strain measured via the strain gauge, with the fit giving GF = 2.17 ± 0.05, confirming that the strain read by the strain-gauge on the piezo was representative of the sample strain.
A. Bare Mo film
In Fig. 3 we show sweeps of the transition obtained for different piezo bias (up and down sweeps were averaged for display clarity). A small shift of the transition towards higher temperatures is clearly discernible as the piezo voltage is increased. To accurately determine the shift, we computed the cross-correlation of the derivative dR/dT . The results, obtained for a range of currents are shown in Fig. 4 . For the strained sample, a linear dependence with a slope of about 0.38 ± 0.01 K/(unit strain) is seen. No systematic shift is found for the unstrained control sample, measured at the same time.
In addition to the AC biased measurement of the transition, we have also performed careful measurements of critical current versus temperature (Fig. 5) . To null the field perpendicular to the samples, we recorded positive and negative sweeps of the critical current versus magnetic field at constant temperature about 0.2 K below T c and from the condition I as a function of temperature is shown in Fig. 6 . Surprisingly, we find that at low temperatures critical current is enhanced for compressive stress, while for temperatures above 1 K it appears to be reduced (as one would expect to explain the shift in the R(T ) curves). Again, no systematic trend is seen for the control sample within the experimental accuracy, ruling out thermal drifts. The observed effect is larger than a possible < 0.05% reduction in critical current due to geometric effects if one were to assume a constant critical current density.
B. Bilayers
Transition curves were also measured for two different Mo/Cu bilayers with transition temperatures of 0.116 K (MoCu A) and 0.224 K (MoCu B). Based on the T c shifts observed for the bare Mo film, one might expect the shifts in bilayer T c to be about 10 and 5 times smaller, i.e. on the order of 30 to 60 μK. Figure 7 shows transition curves obtained on bilayer sample A for piezo voltages between −160 and +125 V. While there appear to be slight shifts in the transition curve we cannot establish any clear trend in this data. It is possible that at these lower temperatures small heating effects due to the piezo mask smaller systematic stress effects on the transition. With that limitation in mind, we are left to conclude that the shift for the bilayers is certainly less than ≈100 μK for 0.1% applied strain (or 100 mK per unit strain). Critical current measurements (not shown) were also recorded, but no systematic changes could be discerned. 
IV. CONCLUSION
We have unambiguously determined that uniaxial stress can shift the transition temperature of Mo thin films with a slope of about 0.38 ± 0.01 K per unit strain (using a Young's modulus of 324 GPa for Mo, this is roughly equivalent to 1 mK/GPa stress). While the observed effect is small, it is compatible in sign and magnitude with the pressure dependence of the bulk Mo superconducting transition. In light of our measurements, it appears that the correlation between film stress and transition temperature cannot be a direct consequence of lattice strain, but rather the result of an underlying change in the structure or morphology of the thin films. One such possibility is a change in the grain boundaries, which likely are responsible for the tensile stresses observed in e-beam evaporated films. As we have not been able to observe any clear effect on bilayers, we are preparing an improved setup which eliminates possible heating problems and allows us to access a larger range of stress. Future experiments will also involve processed devices fabricated on SiN membranes. Finally, it is possible that larger effects would be observed for films deposited under different conditions. We therefore plan to extend our measurements to films produced using sputtering as well as e-beam evaporated films onto heated substrates and films of different intrinsic stress levels.
